Lipophilic and hydrophilic D-alanyl-lipoteichoic acids are elongated in Lactobacillus casei by the transfer of sn-glycerol 1-phosphate units from phosphatidylglycerol to the poly(glycerophosphate) moiety of the polymer. These sn-glycerol 1-phosphate units are added to the end of the poly(glycerophosphate) which is distal to the glycolipid anchor; 1,2-diglyceride results from this addition. Phosphatidylglycerol (PG) has been proposed to be the donor of sn-glycerol 1-phosphate (GroP) units of the poly(glycerophosphate) moiety of lipoteichoic acid (LTA) (8, 9, 13, 14) according to the following reaction: tion would result in a cycling of the diglyceride moiety of this phospholipid.
Lipophilic and hydrophilic D-alanyl-lipoteichoic acids are elongated in Lactobacillus casei by the transfer of sn-glycerol 1-phosphate units from phosphatidylglycerol to the poly(glycerophosphate) moiety of the polymer. These sn-glycerol 1-phosphate units are added to the end of the poly(glycerophosphate) which is distal to the glycolipid anchor; 1,2-diglyceride results from this addition. The presence of a diglyceride kinase was suggested by the ATP-dependent phosphorylation of 1,2-diglyceride to phosphatidic acid. Inorganic phosphate was used to initiate the synthesis of lipophilic lipoteichoic acid (LTA) and the elongation of both lipophilic and hydrophilic LTA. Three observations suggest that phosphate and other anions play a role in the in vitro synthesis of LTA and its precursors. First, the conversion of 1,2-diglyceride to phosphatidic acid by diglyceride kinase was stimulated. Second, the synthesis of phosphatidylglycerol was increased. Third, the elongation of lipophilic and hydrophilic LTA was enhanced. These observations indicated that one effect of phosphate might be to enhance the utilization of 1,2-diglyceride for the synthesis of phosphatidic acid. This phospholipid is a precursor of phosphatidylglycerol, the donor of sn-glycerol 1-phosphate for elongation of LTA.
Phosphatidylglycerol (PG) has been proposed to be the donor of sn-glycerol 1-phosphate (GroP) units of the poly(glycerophosphate) moiety of lipoteichoic acid (LTA) (8, 9, 13, 14) according to the following reaction: tion would result in a cycling of the diglyceride moiety of this phospholipid.
The goals of these experiments with Lactobacillus casei were to characterize further the effect of phosphate on the assembly of the LTA, PG + LTA-poly(glycerophosphate)" -* LTA-poly(glycerophosphate),+1 + 1,2-diglyceride Inorganic phosphate stimulates both the synthesis of PG and the elongation of D-alanyl-lipophilic LTA in vitro (4). These observations supported the proposed role for PG in the elongation of LTA.
During the elongation of LTA, one of the reaction products is 1,2-diglyceride. Significant amounts of this diglyceride might be expected to accumulate during chain elongation. Since large amounts of diglyceride are not commonly found in bacteria (25) , it is proposed that the diglyceride is either degraded or reutilized for phospholipid synthesis. A diglyceride kinase similar to that found in Escherichia coli (24) could phosphorylate the diglyceride to phosphatidic acid, a known precursor of PG (25) . This phosphoryla-to determine the site of the addition of GroP units to the growing polymer, and to suggest a fate for the 1,2-diglyceride. Toluene-treated cells were used to demonstrate the synthesis and elongation of D-alanyl-LTA as well as the synthesis of various phospholipids. These cells, which are permeable to GroP, ATP, and Dalanine, synthesized LTA and phospholipids in significant amounts. For detecting diglyceride kinase, membranes were used instead of toluene-treated cells. These membranes provided a system for introducing lipid substrates by repeated cycles of freezing and thawing. tion. Membranes (4.0 mg of protein) were then added, and the suspension was subjected to three to six cycles of freezing and thawing (at -1% and 37TC, respectively) as described by Kalomiris et al. (15) . The reaction mixture contained the membrane suspension, 33 mM MgCl2, 40 mM piperazine acetate buffer (pH 6.5), 5 mM ATP, 1 mM dithiothreitol, 100 mM phosphate (pH 6.5), and 46 p.M D-alanine in a final volume of 0.5 ml. This mixture was incubated at 37°C for 30 min. When 1,2-diolein was used, the mixtures also contained 25
,uCi of [y-32P]ATP (carrier free), 10 mM GroP, and S mM CTP.
Labeled chloroform-soluble compounds were isolated by the monophasic extraction procedure described for the incorporation assay. The phosphatidic acid was separated by thin-layer chromatography and visualized by autoradiography. Chromatography of chloroform-soluble compounds. The chloroform-soluble fractions containing the radioactively labeled lipids were dried under N2. The residues were redissolved in CHCl3, and samples were applied to silica gel 60 thin-layer plates. The plates were developed with a solvent consisting of butanolacetic acid-water (120:30:50, vol/vol/vol). Autoradiograms were prepared by exposing Kodak XR-5 XOMAT X-ray film to the plate at -80°C.
Analytical methods. For the identification of phosphatidic acid, CDP-diglyceride, PG, and 1,2-diglyceride, the labeled lipids were compared with authentic standards by thin-layer chromatography in three solvent systems: (i) butanol-acetic acid-water (120:30:50, vol/vol/vol); (ii) CHCl3-CH30H-acetic acid (65:25:13.5, vollvol/vol); ( 
RESULTS
In this study, two classes of LTA were defined on the basis of their solubility. Lipophilic LTA is short-chained lipoteichoic acid which partitions into the chloroform phase of the biphasic extraction system (3, 4) . Hydrophilic LTA is longer chained and partitions into the aqueous phase of this system. The D-alanyllipophilic compounds previously described by Brautigan et al. (4) are D-alanyl-lipophilic LTA.
GroP incorporation into PG. To study the assembly of the poly(glycerophosphate) moiety of LTA in toluene-treated cells of L. casei, labeled GroP was used as a precursor of PG, the presumed donor of the GroP units of LTA. Incubation of these cells with [14CJGroP resulted in the labeling of a number of chloroformsoluble compounds (Fig. 1) . The labeling of these compounds was dependent on ATP. The addition of 100 mM phosphate strongly stimulated the incorporation of labeled GroP into PG, phosphatidic acid, and CDP-diglyceride, whereas it had little effect on the labeling of 1,2-diglyceride. Other anions, e.g., sulfate, chloride, and nitrate, also enhanced the formation of these phospholipids (Table 1) . No difference was observed when sodium phosphate was used in place of potassium phosphate. Phosphate gave the best stimulation and was used routinely. Since there was no apparent correlation between ionic strength and percent stimulation, it appeared that this stimulation resulted from an anionic effect. Thus, in the presence of ATP and phosphate, PG can be readily labeled with Diglyceride kinase in L. casei. The production of 1,2-diglyceride in the elongation of LTA suggested the possibility that a 1,2-diglyceride kinase may exist in L. casei. Membranes were used as a system to which lipid substrates could be added to detect this enzymatic activity. Unlike toluene-treated cells, membranes required the addition of CTP and GroP for [-y-32P]ATP labeling of PG. Incorporation of 32p from [.y-32P]ATP into PG and phosphatidic acid could be stimulated by the addition of 1,2-diolein to membranes and stimulated further by the addition of 100 mM phosphate (Fig. 3) . The addition of phosphate in the absence of 1,2-diolein resulted in little stimulation of labeling. Thus, the 1,2-diolein appeared to be a substrate for the synthesis of PG. The appearance of [32P]phosphatidic acid suggested that 1,2-diolein was phosphorylated by a diglyceride kinase. An additional assay with 1,2-[14C]dipalmitin was also used to detect this kinase. by enhancing the synthesis of PG. GroP units from this phospholipid are added distally to the glycolipid anchor of the elongating LTA chains in toluene-treated cells. This addition results in the formation of 1,2-diglyceride. Evidence is presented for the presence of a diglyceride kinase in L. casei. It is proposed that this enzyme converts the resulting 1,2-diglyceride to phosphatidic acid, which can be utilized for the synthesis of PG, the donor of GroP for LTA elongation (Fig. 5) In addition to stimulating the elongation of LTA, inorganic phosphate in the presence of ATP was found to increase the synthesis of PG, phosphatidic acid, and CDP-diglyceride. Sulfate, chloride, and nitrate also stimulated the synthesis of these phospholipids, but to a lesser extent than phosphate did. This stimulation was similar to that observed for sulfate, which enhances the synthesis of phosphatidylethanolamine in Bacillus megaterium (23) . The phospholipids stimulated by these anions occur in the pathway of PG assembly observed in B. megaterium (23) and Escherichia coli (25) . Therefore, it seems likely that a similar or identical pathway for phospholipid synthesis occurs in L. casei (Fig. 5) In a number of bacteria, PG is present in two distinct pools (1, 2, 17, 18) with different rates of metabolic turnover. In B. megaterium, one pool of PG undergoes rapid turnover whereas the other exhibits metabolic stability. It has been suggested that the former pool is the donor of GroP units for LTA synthesis (17, 18) . Recently, Brautigan et al. suggested that toluene-treated cells of L. casei synthesize a unique population of PG in the presence of excess phosphate (4). This PG could donate GroP units to D-alanyllipophilic LTA, resulting in chain elongation. This suggestion is supported by the anionic stimulation of [14C]GroP incorporation into PG as well as into lipophilic and hydrophilic LTA. Diglyceride kinase showed a similar anionic stimulation. Thus, this kinase may play a significant role in the rapid turnover of one of the PG pools and hence in the proposed diglyceride cycle involved in the elongation of LTA.
Inorganic phosphate is a useful tool for stimulating the in vitro elongation of LTA in toluenetreated cells of L. casei and the in vitro synthesis of PG both in membranes and in these treated cells. One enzyme in the proposed diglyceride cycle, diglyceride kinase, is stimulated by phosphate. The exact mechanism by which phosphate and other anions exert their effect is not known. Further studies on these anionic effects on individual enzymes in the proposed pathway may help to define this mechanism more precisely. The physiological role of phosphate in the in vivo synthesis of LTA is not understood. In contrast, phosphate has a major, well-defined effect on the in vivo synthesis of wall teichoic acid (32) . It has been recognized that phosphatelimited cells of Bacillus subtilis synthesize only 10% of their phospholipid as PG, whereas cells which are not limited in phosphate synthesize 54% of their phospholipid as PG (20 
